It is generally assumed at present that nitrate is reduced to the level of amino-nitrogen or ammonia, via nitrite (20, 21, 32 of the enzymic system for the reduction of nitrite to ammonia was obtained. For the purpose of this investigation, identification of the product of nitrite reduction was considered to be essential for the establishment of the fact that nitrite reduction had occurred. A preliminary report of this work has been given (26) .
reduced to the level of amino-nitrogen or ammonia, via nitrite (20, 21, 32) . Support for this assumption comes from the demonstration of a widespread occurrence of nitrate reductase in higher plants (27) . However, as was pointed out previously (27) , a final decision as to the validity of this assumption awaits the characterization of an enzyme system capable of reducing nitrite to ammonia.
Nason, Abraham, and Averbach (22) in a brief report stated that nitrite was reduced to ammonia, in the presence of either DPNH or TPNH, and Mn++, by a partially purified soybean leaf extract. However, the results showed that significant quantities of ammonia were formed even in the absence of added nitrite in spite of the fact that the enzyme preparation should have been free of nitrate and nitrite due to the purification carried out. Vaidyanathan and Street (29) reported cell-free enzyme extracts of excised tomato roots which caused a disappearance of nitrite in the presence of added DPNH and Mn+ +, but only 2 % of the nitrite lost could be recovered as ammonia. Roussos and Nason (23) reported a highly purified enzyme from soybean leaves which would oxidize DPNH and TPNH in the presence of nitrite or hydroxylamine. However, nitrite did not disappear and the product of hydroxylamine disappearance could not be identified. Huzisige and Satoh (13) have reported an enzyme from spinach leaves which will cause a disappearance of nitrite in the presence of illuminated chloroplasts without the addition of an electron carrier. The product of the reaction was not identified. The reduction of nitrite was inhibited by the addition of TPN. Hageman, Cresswell, and Hewitt (10) were able to demonstrate that ammonia was the product of nitrite reduction by a marrow leaf enzyme preparation, but their system was dependent on the use of reduced benzyl viologen as an electron donor. Neither DPNH nor TPNH could serve as electron donor for this enzymic reduction in the absence of benzyl viologen.
The present investigation was undertaken for the purpose of clarifying these conflicting reports in order to establish the role of nitrate reductase in nitrate assimilation in higher plants. During the course of the investigation additional information on the nature of the enzymic system for the reduction of nitrite to ammonia was obtained. For the purpose of this investigation, identification of the product of nitrite reduction was considered to be essential for the establishment of the fact that nitrite reduction had occurred. A preliminary report of this work has been given (26) .
Materials and Methods
Growth of Plant Material. Tomato plants (Lycopersicon esculentunt, Mill., variety Sutton's Best-ofAll) were used throughout this investigation. Plant culture was as described previously (27) .
Enzymne and Grana Preparationi. Enzyme preparations were made using the procedures described previously (27) . Gel filtration of enzyme preparations was carried out as a routine during this investigation.
Grana were prepared according to a modification of the method of Arnon, Allen, and Whatley (2). All steps after sampling were carried out in a cold room at QO to 40 using cold apparatus and reagents. The extraction media consisted of 0.32 -\ NaCl containing Tris * HCl buffer (pH 7.5, 0.05 i) and 1 X 10-3 M cysteine. Leaflets were removed from the rachis and ground in a mortar with an equal weight of extraction media and about one-half their weight of acid washed sand. The macerate was strained through 4 (27) . Before (27) . However, in view of published reports vhich state that nitrite reductase is an enzyme requiring reduced pyri-(line nucleotidles (22, 23, 29) , a concerted effort was mladle to findl an assaY sy-steml int which enzymic nitrite re(luction wvould occur in the presence of these re-(luced coenzymes.
The standard nitrate reductase assay described previously (27) DPNH and TPNH as electron donor but no nitrite loss occurred in any case. The following buffers were also substituted in the standard assay for the sodium phosphate buffer (pH 7.5, 0.1 M) normally used: that they actually studied a nitrite reductase as they claimed. However, these results appeared to be worthy of further investigation.
Crude grana-enzyme preparations from tomato leaves were assayed in the light anid in the dark. The results of a typical experiment are shown in figure 2. In the light there was a rapid initial loss of nitrite which took place in less than 60 seconds followed by a more gradual loss. No nitrite loss occurred in illuminated tubes containing a grana-enzyme preparation which had been heated at 100°for 3 minutes prior to the addition of nitrite. In the (lark there was a loss of nitrite equal to that found in the light after 60 seconds but no additional reduction of nitrite took place.
These results indicated that the natural electron donor, CoX, was present in the grana-enzyme preparations in a partially or wholly re(luced state. The enzymic reduction of nitrite was extremely rapid until the supply of CoXH2 was use(d up. This would account for the initial rapi(d reduction of nitrite foundl.
Furthermore, it may be h3ypothesized that the grana contain the mechanism required to reduce CoX when they are illuminated.
In a separate series of experiments it was found that ammonia accumulation accompanied nitrite loss (fig 3) . The presence of succinate in assay reaction mixtures was required for ammonia accumulation in some cases but not in others. The effect of succinate on ammonia accumulation was not studied in detail but it appeared to have a function in regulating conversion of endogenous carbohydrates to a-ketoglutarate through the regulation of the citric acid cycle in the presence of limited amounts of DPN (25) . A situation which appears to be analogous has been described by Jones and Gutfreund (16) . The enzyme which could account for a disappearance of ammonia, L-glutamate dehydrogenase, has been shown to be present throughout the tomato plant by VanDie (30) .
Grana-enzyme preparations were made using 4 levels of cysteine in the extraction media. The results of assays of the 4 preparations which were carried out according to the standard procedure are shown in figure 4 . A cysteine concentration of 1 X *; 100 The results of a comparison of aerobic and anaerobic conditions on nitrite reductase activity are shown in figure 3 . Under anaerobic conditions the activity was greater than under aerobic conditions and the effect was accentuated as the length of the incubation was increased.
A comparison was made of sodium phosphate and Tris HCl buffers (pH 7.5, 0.1 M) as reaction mixture buffers in the standard assay. There was no difference in the enzymic activity due to the use of either of these buffers. tegrity, and even though it was known that E0 contained nitrite reductase which was active with reduced benzyl viologen.
The results shown in figure 7 are seen to be due to the effect of the fractionation treatments on the integrity of the grana. The increase in CoXH2 in the reconstituted systems, E0 + G1 and E0 + G2, is A rapid initial loss of nitrite occurred in all preparations as shown by the zero minute (i.e. placed in a boiling water bath as soon as possible after addition of the enzyme-grana preparation assays). However, this loss then decreased during the next 15 minute incubation in the assays of all preparations except those from leaves. No nitrite loss occurred in tubes containing enzyme preparations which had been heated at 1000 for 3 minutes prior to the addition of nitrite. This rapid initial loss of nitrite in all cases showed that the reducing agent, CoXH2, and the enzyme, nitrite reductase, were present in all 5 preparations. However, only in the case of the leaf preparations was a mechanism for replenishing the supply of CoXH2 operative. In all other preparations, after the initial loss of nitrite, nitrate reductase activity was sufficient to replace the nitrite lost. Succinate was addled to one set of assays in an attempt to promote the reduction of nitrite. The result, however, was to promote nitrate reductase to the extent that any nitrite reductase activity was masked. This is shown by the fact that with all 5 preparations there was less nitrite lost in the presence of succinate than in its absence.
Discussion
Extensive trials to obtain an enzyme system from the tomato plant capable of reducing nitrite using reduced pyridine nucleotides as electron donors were unsuccessful. This was so in spite of the presence of an enzyme capable of reducing nitrite to ammonia as shown by assays with reduced benzyl viologen, Hageman, Cresswell, and Hewitt (10) have reported similar results using marrow leaf extracts.
Earlier reports of enzymic nitrite reduction dependent on reduced pyridine nucleotides (22, 23, 29) (14, 8, 9) . This would increase the amount of DPNH oxidation and the concomitant increase in alkali labile DPN would cause an apparent rise in the amount of ammonia in the reaction mixtures. The level of pyridine nucleotide oxidase activity was found to be very high in tomato plant extracts (25) and in marrow plant extracts (6) , and in all probability it is present in soybean extracts as well.
Vaidyanathan and Street (29) reported briefly on a nitrite reductase using DPNH as electron donor which required manganese ions. However, only about 2 % of the nitrite lost was recovered as ammonia.
The pyridine nucleotide-nitrite enzyme described by Roussos and Nason (23) was not capable of reducing nitrite and hence-it is of questionable significance in nitrite assimilation. It has been pointed out by Hageman, Cresswell, and Hewitt (10) that these results appear to be best explained in terms of a peroxidase system such as has been described by Cresswell and Hewitt (7) . (28) . B) The benzyl viologen appears to be acting in a linked enzymic reduction chain and not as a true cofactor. C) A DPNH-specific L-glutamate dehydrogenase (3) was active in these preparations (30) leaves. These workers found a low rate of nitrite reduction in the dark which they attributed to a dehydrogenase activity which acted in place of illuminated grana to reduce the electron carrier. However, in view of the fact that their preparations were partially purified and therefore virtually free of substances which could act as substrates for a dehydrogenase, and in the light of the present findings, it appears more likely that this reduction in the dark was due to a gradual breakdown of the grana in the hypotonic assay reaction mixtures with the concomitant release of the reduced electron carrier, CoXH2, which hadl been endogenous to the grana.
The identity of the natural electron carrier involved in nitrite reduction remains somewhat uncertaini although it appears that ferredoxin may be the electron carrier for the grana system (11). However, the results indicate that it is a substance present in all organs of the tomato plant and not present only in the grana system. That nitrite reductase activity can be found wherever nitrate reductase is found (table III) supports the contention that nitrate reductase is indeed involved in nitrate assimilation. The rates of nitrite reductase activity in light-granaenzyme systems found so far are considerably lower than those of nitrate reductase (the activity of the former was about one fifth to one eighth the activity of the latter). Since nitrite is only rarely detectable in plants, it must be assumed that the conditions of this assay are suboptimal for nitrite reductase.
Summary
A cell-free nitrite reductase system obtained from tonmato plants was capable of bringing about the rapid (within 60 seconds) reduction of nitrite in the dark, but illuminated grana were necessary for sustained activity. The presence of 1 X 10-3 M cysteine in the grana-enzyme preparation was essential for maximum activity. The Michaelis constant for nitrite was 2.7 X 10-6 M and ammonia was the product of nitrite reduction.
The enzyme would reduce nitrite in the absence of grana when reduced benzyl viologen was used as the electron donor. Reduced pyridine nucleotides were ineffective in bringing about nitrite reduction.
The natural electron donor is unidentified but it was shown to be present in all organs of the tomato plant tested. In contrast to fat-storing seeds, cereals have a ready supply of carbohydrate, which after an initial lag is transferred to the developing embryo (10) . Nevertheless there is a progressive loss of lipid material from cereal scutella during germination (7, 13) .
If it is assumed that fatty acids are released from storage lipids, and that they are further degraded by fl-oxidation to acetyl CoA, then the addition of acetate-C'4 should trace the final stages of fatty acid oxidation. The results of the present investigation show that part of the acetate carbon is incorporated into scutellar and embryo sugars, when acetate is applied locally at the scutellum. In addition high levels of isocitrate lyase (isocitritase) and malate synthetase were found in extracts prepared from maize scutella.
Methods
Seeds of Zea mays (hybrid variety Wf9 x 38-11)
were soaked in water for 12 hours, and allowed to germinate for an additional 48 hours on moist absorb-'Received Aug. 28, 1963. 2This work was supported by Contract AT-11-1330 with the United States Atomic Energy Commission. ent paper at 30'. At this stage the endosperm was removed and the scutella of the detached embryos were placed in a salts solution (14) containing 1 % glucose and acetate-2-C'4 (about 0.1 ,umole/embryo; 2.5 X 107 cpm; sp. act. 7.3 mc/mM) for 2 hours. The embryos were then washed and placed in a fresh glucose-salts solution for an additional 10 hours. After each time interval (2 hr and 12 hr) samples of 10 scutella or 10 roots were extracted with 80 % (v/v) ethanol. The ethanol extract was dried under reduced pressure at 40°and the lipids were extracted with ethyl ether. The remaining residue was taken up in water and passed through Dowex-50 (H+) and Dowex-1 (formate) resins to separate basic, acidic, and neutral components. Samples from each fraction were dried on nickel-plated planchets and the C14 content determined with a thin-window continuous gas-flow Geiger-Miiller tube. Samples of the alcohol insoluble residue and ether soluble material were combusted to CO, (16) , and collected as BaCO3, which was plated on microporous planchets for counting.
The sugars in the neutral fraction were separated by 1-dimensional paper chromatography in 1-butanol:
